Due to the hardware characteristic of sensor nodes, energy consumption and balance are major problems in routing algorithm in wireless sensor networks (WSNs) 
Introduction
Wireless sensor networks (WSNs) consist of a great many of low-power and low-cost sensor nodes deployed in a designated region. Each node collects information within its sensing range, and then transmits data in a multiple-hop way. Finally, the information collected by all nodes is forwarded to the base station, which is also called the sink node.
Under most circumstances, the sensor nodes are powered by batteries that are not rechargeable. Therefore the protocols and design of WSNs are focused on energy consumption and energy balance.
The improvement of routing algorithm in WSNs has a significant impact on prolonging network lifetime. In some cases, the sensor nodes are deployed randomly or non-uniformly in the monitoring region, and in other cases, the initial energy of each node is different. Therefore, one of the most important problems of the routing algorithm is that how to make full use of the node energy in these non-uniform random cases. On one hand, it would be best to choose a route of fewer hops so that the energy consumption is lower; on the other hand, sometimes it is better to choose a longer route to avoid the sensor nodes with less residual energy.
In this paper, we investigate the energy characteristic of the route in WSNs, and then we propose a routing-cost based ant routing algorithm. Finally the performances of different algorithms are evaluated. The paper is organized as follows. In section 2, related works are outlined. In section 3, we analyze the routing-cost and use it to construct the heuristic factor in the ant routing algorithm. Section 4 shows the performances of different algorithms. Finally a conclusion is drawn in section 5.
Related Works
The routing protocol is an important issue since traditional IP routing protocols and wireless routing protocol in ad hoc networks may not work well in WSNs. So far, there are many routing algorithms proposed [1] [2] [3] [4] . The most well-known flat routing algorithms include flooding algorithm, Sensor Protocols for Information via Negotiation (SPIN) [1] , Directed Diffusion (DD) [2] , Rumor Routing [3] , and so on. The algorithms which construct a routing table by a flooding method directly or indirectly are robust, such as flooding algorithm, SPIN and DD, but they consume much energy. The Rumor Routing algorithm consumes less energy, but it finds a route blindly, so that a lot of uncertainty is brought. In Fuzzy logic based Adaptive Routing (FAR) algorithm [5] , some routing protocols are integrated in each sensor, and the networks can choose one of the protocols according to the environment.
Network Model
In this paper, we assume that the sensor nodes are deployed randomly in the sensing region with probability density function ( ) , f u v . The data generation rate of each node is constant, and the initial energy of each sensor node is limited, while the sink node has sufficient energy. The communication range of each node, including the sink node, is limited and the same. Each sensor node only knows its neighbors, nodes that are within its radio communication range. In this paper, the routing table in each node maintains the probability information for choosing a neighboring node as the next hop. For the energy model, we only consider energy consumption for data transmitting and receiving. Let ( ) TX E d and RX E denote energy consumption of transmitting and receiving 1-bit data respectively. The first order radio model [4] is adopted here, and we have ( )
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where d is the transmitting distance, elec E is the energy consumed by the transmitter or the receiver, and amp e is the amplification coefficient.
Considering the energy hole problem in WSNs, to achieve the subbalanced energy depletion, the deployment of sensor nodes must follow a geometric distribution. It means that when the common ratio 2 q > , the percentage of the neighboring nodes of the sink node must be more than 50% [17] . However, in most of the time, these conditions cannot be fulfilled and the absolute global energy balance cannot be achieved. Therefore, "energy balance" discussed in this paper means the energy balance of the nodes which have approximate distance or hop count away from the sink, such as the nodes which are 2-hop or 3-hop away from the sink.
Energy Characteristic of the Route
We assume that the networks select a route of h -hop to transmit data from source to destination and each node in this route consumes energy to forward message. Therefore, the cost of the route to forward the message should be determined by the energy information of h nodes on the route. The energy consumption characteristic of a route is shown in Figure 1 . = , it means the sink node. Because we assume that the sink node has sufficient energy, the energy consumption of sink node is neglected. m V is value of node m , and m E is the residual energy of node m . In WSNs, the less energy left, the larger value the node has. In other words, as time passes by, the value of the node increases.
1-bit energy consumption of data forwarding:
Applying (1) and (2), when node m forwards 1-bit data, its energy consumption m d can be expressed as
where m d is the transmitting distance of node m . As shown in Figure 1 , the source node
) receive and then transmit data. The energy consumption of sink node is neglected.
Node-cost of data forwarding: Node-cost m w is defined as the difference between the node value m V after forwarding 1-bit data and that before forwarding 1-bit date. So it can be formulated as (5) shows that the node with less energy will cost more value to forward data.
Routing-cost of data forwarding:
Routing-cost g is the sum of all the node-cost on the route, that is ( )
Because energy consumption of data forwarding is often far less than the residual energy, that is m m E d << , (6) can be simplified as
From (3), (4), (5) and (7), we can get that the definition of routing-cost is consistent with the energy consumption characteristic of WSNs.
A. The larger the distance m d is, the more the route must cost to forward the data. B. The cost of data forwarding increases as a route of more hops is chosen. C. The route with less energy cost more when it forwards data. D. The nodes with less residual energy on the route have much more impact on the routingcost.
Routing-cost can reflect the route characteristic objectively, so according to (7), we can choose a route with less routing-cost.
Ant Routing Algorithm
Considering the advantages of ACO described in section 2, we evaluate the performance of a routing-cost based routing algorithm on the platform of ACO.
The basic ant colony algorithm can be simply described by two rules, that is, the node transition rule and the updating rule [18] . In this paper we design our routing algorithm based on AntNet [10] .
Node transition rule defines the probability to select next hop for the forward ant as
where k ij p is the probability with which ant k transits from node i to node j , il t ( 
where r ( 0 1 r < < ) is an evaporation coefficient. The ant finds the optimal route in accordance with the above rules. il t and il h are two important variables in ACO, which determine the performance of the algorithm. In this paper we get il t by the same rule as in AntNet, which is better for a quick exploitation of new discovered paths. ij h is often constructed in accordance with the route characteristic. For example, ij h is constructed by the distance of the nodes in the basic ACO, and it is constructed by the length of the data queue in AntNet. In WSNs, we construct the heuristic factor ij h by routing-cost, that is 1 1
where l R is the optimal route from neighboring node l to sink, and l g is routing-cost of l R . E are the 1-bit energy consumption and residual energy on the m th hop of l R , respectively. l h is the hop count of l R . The hop count in routing-cost determines that the ant will move in the direction of the sink, and the energy information in routing-cost determines that the ant will choose a route with more residual energy. (8) and (10) shows that the route with less routing-cost can be selected with a larger probability. Therefore, the ant routing can avoid flooding searching and blind searching.
Based on AntNet, the ant routing algorithm can be described as follows. A. To balance the exploration ability, all the probabilities and pheromones of the neighboring nodes are initialized to be equal, respectively.
B. At regular intervals, a forward ant is generated by the source node to find a path to the sink.
C. When a sensor node receives a forward ant, it will detect whether it has received the same ant before to avoid a cycle. Then the node uses the probability in the routing table to select the next node.
D. When the forward ant reaches the sink, it dies and a backward ant is generated and returns to the source node in the opposite direction of the forward ant. The routing-cost parameter in the backward ant is initialized to be 0 at the sink.
E. When a sensor node receives a backward ant, the pheromone is updated according to (9) , and the routing-cost information in the backward ant is updated as follows. 
; the rest can be deduced by analogy. Here the backward ant carries only one parameter and (7) can be achieved. The heuristic factor is updated according to (10) , and the sensor uses (8) to update the probability in the routing table.
If the sensor is the source node, the backward ant dies, and this round of searching finishes; if not, the sensor transmits the ant to the next node until it returns to the source node.
Updating of Routing Table
The routing table in each node includes the probability information for choosing a neighboring node as the next hop. The updating of routing table consists of three processes: first, the probability of each neighboring node is initialized to be the same value. Second, the routing table updates according to (8) when the node receives a backward ant. Third, some new nodes may enter the networks or some old nodes may fail, which is different from wired networks in AntNet. At regular intervals, the node first detects the changing of its neighboring nodes, and then creates or deletes the corresponding links. At the same time, the routing table in the node will update the probability information.
In the third updating process, let N denote the set of neighboring nodes which work after detection, and let M denote the set of neighboring nodes which keep working before and after detection. Therefore, ( ) N M -is the set of the new neighboring nodes. The updating of probability information follows three principles. First, the total probabilities of M and ( ) N M -are in proportion to the size of these two sets; so the probability ratio between M and
Second, after updating, the probability distribution in M should keep the same as before. Third, the probability of the new nodes in ( ) N M -is set equally. Therefore, the updating rule of the third updating process can be described as
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respectively.
Performance Evaluation
In this section, we evaluate the routing algorithms in WSNs. In the simulation, the sensor nodes are deployed randomly in a square of 600×600 m 2 . Our aim in this simulation is to evaluate the performances of different heuristic factor constructing methods on the platform of ant routing algorithm in the networks. We compare the simulation results of the routing-cost based constructing method with the results of some other basic constructing methods used in some proposed ant rouging algorithms. Here give some other basic constructing methods [13] [14] [15] [16] .
A. Heuristic factor constructed by residual energy of neighboring nodes:
where 1 l R E is the residual energy of the neighboring node in l R . B. Heuristic factor constructed by the hop count (or distance):
C. Heuristic factor constructed by residual energy of neighboring nodes and hop count (or distance) together:
In (8), b is set to be larger than a so that the algorithm can adapt to the dynamic energy distribution. Here we set 1 a = and 3 b = . Evaporation coefficient r is set to be a moderate value of 0.5. The parameters elec E and amp e in the energy model (1) and (2) are set to be 50 nJ and 100 pJ/m 2 , respectively. As mentioned before, "energy balance" discussed in this paper means the energy balance of the nodes which have approximate distance or hop count from the sink. However, it is difficult to provide the energy properties of all nodes. Moreover, from the energy hole problem we know that the energy properties of the neighboring nodes of the sink, the nodes which are 1-hop away from the sink, are most important [17] . Therefore, we only show the simulation results of these nodes. We do not adopt the average energy and the standard deviation as performance metrics. It is possible that there exist a few nodes which consume energy fast even if the performances of average energy and standard deviation are very good, so it is necessary to provide the energy consumption data of each neighboring node.
A. Simulation 1 200 sensors are deployed randomly in the sensing region. The probability density function ( ) , f u v is a uniform function in the region and the sink is deployed at (300,300), but the networks are not homogeneous in different direction. In the simulation, we assume that each sensor has the same data generation rate, and initial energy is 1 J.
In this simulation, we will show the energy consumption of each neighboring node of the sink so that we can clearly observe the energy distribution in this region. The indices of these nodes are 6, 13, 53, 64, 100, 101, 125, 152, 173 and 199. Figure 2 shows the energy consumption of different heuristic factor constructing methods in WSNs with a uniform random distribution. Each curve represents the energy consumption of the corresponding node, and the dispersion of all curves represents the energy balance property. The networks with more dispersive curves have a worse balance property. Figure 2a) is the result of Eq. (13), and in this case heuristic factor is constructed by residual energy of neighboring nodes, that is the first hop of the route, so the energy distribution can reach local balance, that is, as time passes by, the curves will become more and more dispersive slowly. Moreover, there is another problem: most nodes fail fast because the energy consumption minimization or hop count is not considered in Eq. (13) . Figure 2b) is the result of Eq. (14) . We can see that the nodes consume energy more slowly than that in Figure 2a) . But it will lead to energy imbalance in the networks if we only pursue energy consumption minimization. The difference of the node lifetime is large in Figure 2b ). Figure 2c) , which is the result of Eq. (15), is a compromise between Eq. (13) and Eq. (14) . The balance property and the node lifetime are considerably improved. The difference of the node lifetime in Figure 2c ) is much smaller than that in Figure 2b ), but n[64] has much energy left when the simulation is finished. Figure 2d) is the simulation result of routing-based ant algorithm which takes into account the information of all nodes in the route. Figure 2d) shows the best performance. We can notice that all the nodes almost fail at the same time and have a long lifetime. Figure 2d ) also has a good balance property. At the beginning, when the nodes have much energy, the curves disperse slowly. As the energy decreases, the node with less energy affects the routing more significantly; thus the curves converge and finally all nodes almost fail at the same time. (16) and the distribution is asymmetrical. The sink is deployed at (300,300). In the simulation, we assume that each sensor has the same data generation rate.
Here we set the initial energy 1.3 J for n [199] 
The indices of the neighboring nodes of the sink are 6, 13, 53, 64, 100, 101, 125, 152, 173, 199, 266 and 270. In this simulation, we show the good performance of different algorithms in WSNs with a non-uniform distribution and different initial energy setting. Figure 3 shows the energy consumption of different heuristic factor constructing methods in Simulation 2. We can see that the simulation results are similar to that in Figure 2 . Figure 3a) is the result of Eq. (13). The energy distribution reaches local balance and the node lifetime is very short. In Figure 3b ), the energy curves and node lifetime are very dispersive, just like Figure 2b ). Figure 3c) shows the result of Eq. (15), which is a compromise between Eq. (13) and Eq. (14) . Compared with Figure 3a) and Figure 3b ), the energy balance is considerably improved in this constructing method, but the networks cannot make full use of the energy of n [64] . Figure 3d) shows the simulation result of the routing-cost based ant routing algorithm. We can see that the energy balance property is the best of all. At the beginning, the nodes with more initial energy, such as n[125] and n[152], consume energy faster than others. As time passes by, the curves converge and the difference of the node lifetime is slight. In Figure 2 and Figure 3 , we notice that most constructing methods cannot make full use of the energy of n[64], while the routing-cost based method can deal with this problem better.
Conclusions
In this paper, we study the energy characteristic of the route and propose a routing-cost based ant routing algorithm. Then we compare the routing algorithms of different constructing methods on the platform of ACO. We believe that the routing-cost constructing method takes into account the energy information of each node and hop count information on the route, which is more rational than the algorithms constructed by the residual energy of the neighboring node or hop count. Therefore, the routing-cost ant routing algorithm has a good energy property and node lifetime property.
The research in this paper focuses on the constructing method of heuristic factor in ACO. However we have not discussed other problems of ACO, such as the convergence problem and the generation rate of the forward ant, which affect the energy consumption of the networks greatly and need further investigation. 
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